the properties of conventional construction materials, with or without the addition of cementing agent as a binder.
Jarosite is a solid waste produced from hydrometallurgy operations involved in the extraction of Zinc. Due to large extraction of zinc worldwide, about 0.60 million tons of jarosite was released annually [2] . Numerous researchers are advocating their studies to explore the chances to reduce and utilize jarosite. Mymrin and Vaamonde [31] , Mymrin et al. [32] reported the potential for emerging novel material subsequent from blends of jarosite, dump ferrous slag, and the Aluminum surface, with and without the addition of lime as well as Portland cement and concluded that the resulted composite maintains significant strength and water resistance. Chen and Dutrizac [15] advocated the mineralogical analysis of jarofix (jarosite with 1% lime and 10% cement) and observed that its consistency be contingent on the amount of jarosite and Portland cement in the blend. The study by Katsioti et al. [25] presented the chances of substituting the natural gypsum with jarosite in cement production. Asokan et al. [1] [2] [3] reported that jarosite waste could be immobilized by the development of composite products by blending of additional inorganic industrial wastes such as coal combustion and marble processing residues. Sinha et al. [34] presented the comparative analysis of jarofix with bottom ash and local clayey soil and concluded its potential in the various applications of civil engineering such as pavement and embankment and as a geotechnical material. Similarly, many more researchers [13, 16, 17, 28-30, 35, 36, 39] have explored the chances to utilize the jarosite as a constructional material with or without blend of cement/lime as an additive.
From the aforesaid literature review, it is perceived that there is a lack of studies which show the bulk utilization of jarosite in the application of civil engineering. The current study makes a bridge to utilize jarosite waste with the blending of hydrated lime as a binder to stabilize the jarosite; thus, the stabilized product can be used proficiently in several areas of civil engineering.
Scope and objectives
In this study, the authors make an attempt to evaluate the geotechnical properties of lime stabilized jarosite waste to enhance the possibility to utilize this stabilized matrix as a construction material in various applications of civil engineering. The objectives of the study are:
• Explore the effect of different lime content (2.5-10%) and curing period (7, 28 and 90 days) on the unconfined compressive strength and split tensile strength of jarosite waste.
• An assessment for engineer/user to choose the optimum amount of lime to arrive at the target compressive or tensile strength of jarosite-lime blends.
• Evaluate relationship among unconfined compressive strength (q u ) or split tensile strength (q t ) with various lime content (L) and curing period (t).
• Enhancing the possibility to concentrate either on tensile strength or on compressive strength for getting the desired results, an attempt has been made to formulate a unique scalar from q t /q u ratio, (independent from L to t parameters).
• Study the feasibility of stabilizing material to use as a subgrade material in pavement design.
Materials

Jarosite
Jarosite is a solid waste produced from hydrometallurgy operations involved in extraction of Zinc, in which, initially the Zinc ore concentrate (contains ~ 50% zinc) is roasted at 900 °C and then exposed to leaching operation where iron residual (jarosite) is produced as a waste [37] ; Mymrin and Vaamonde [21, 32] . In the current study, jarosite is collected from Hindustan Zinc Limited, Udaipur, Rajasthan (India). A photograph showing jarosite is presented in Fig. 1 . As per American Society for Testing and Materials [11] D2487-11 soil classification system, jarosite is categorized as silty clay with high plasticity (MH). The jarosite is usually found as yellowish-brown in color (Fig. 1) . The consistency limits (liquid limit, plastic limit and plasticity index) of jarosite were determined as per ASTM [6] D4318-10. The particle size distribution was conducted in accordance with ASTM [8] D6913-04 (sieve analysis) and ASTM [10] D422-63 (hydrometer analysis) and is shown in Fig. 2 . The specific gravity was found to be 2.77 (ASTM [7] D854-00). The differential free swell index (DFS) of jarosite was 18; thus the degree of expansiveness of jarosite is characterized as low IS: 2911-3 [23] . The compaction test is conducted as per ASTM [12] D698-12e1 and it was observed that the maximum dry 
Lime
In this study, hydrated lime [Ca(OH) 2 ] is used as a cementitious additive, which is procured commercially. The specific gravity of lime is found to be 2.48. The Hydrated lime is chemically derived from quicklime (CaO) by reacting with water (H 2 O). In current practice, hydrated lime is typically used in the stabilization programs.
Testing methodology
Two types of strength test, unconfined compressive and split tensile strength test, have been carried out in the laboratory on jarosite stabilized with lime added at a rate of 2.5, 5.0, 7.5 and 10% by dry weight of jarosite. The jarosite transported from the zinc industry is first dried in an oven for 24 h at 105 °C, and after that, it is grounded to break all lumps before used for testing. 
Compaction tests
In accordance with ASTM [12] D698-12e1, a Mini Compaction Mold (developed by Sridharan and Sivapullaiah [38] ) is used for compaction test. For each compaction test, about 200 g of the jarosite-lime mixture is used. The required amount of water is added to the blend and then mixed thoroughly. The blend is then kept aside for sufficient time to gain moisture equilibrium. After that, the blend is compacted in a compaction mold, 38.1 mm in diameter and 100 mm in height, in three layers and giving 36 blows to each layer through a drop hammer. After compaction, the compacted sample is removed from the mold, its bulk unit weight recorded and calculating the dry unit weight.
Strength tests
Unconfined compressive strength as well as split tensile strength tests are a fundamental, quick and widely accepted experimental program for predicting the shear strength and tensile strength of stabilized material as per ASTM [9] D2166-06 and ASTM [5] D-3967, respectively.
Sample preparation for strength test
For the preparation of the samples for strength test, the required amounts of jarosite and lime were measured [as per maximum dry density (MDD)] and blended in a dry state to obtain a uniform mixture. Afterward, the required quantity of water [as per optimum moisture content (OMC)] was added and again blended thoroughly. The samples for unconfined compressive strength (UCS) were prepared in a mold, 38 mm in diameter and 76 mm in height, i.e., with an aspect ratio of 2. Similarly, for split tensile strength test, the samples were prepared in a testing mold 38 mm in diameter and 19 mm in length, i.e., with an aspect ratio of 0.5. The samples were prepared by thoroughly compacting the jarosite-lime blend in three equal layers in the mold. Before pouring the blended mixture in the mold, a thin coating of lubricant was applied to the internal surface of the mold to lessen the friction between the mold and the blended mixture. Thus, the chances of any type of disturbance during the compaction and its removal was minimized. For proper bonding between the layers, enough scraping was made on the surface before placing the next layer. With the help of hydraulic sample extractor, the compacted sample was removed from the mold, and then the sample was put in a plastic bag (to minimize moisture loss due to evaporation) and retained in a desiccator for curing for 7, 28, and 90 days. After curing, both the tests were carried out at a strain rate of 1.25 mm/min. As per the standard practice, the results were accepted only if the standard deviation in the strength of three individual samples molded at same moisture content didn't vary by more than 10% from their mean strength.
Microstructural analysis (SEM-EDX)
In the microstructural analysis, scanning electron microscope (SEM) corresponding to energy-dispersive X-ray spectroscopy of various jarosite-lime blends are carried out using high resolution scanning electron microscope (SUPRA 40, Zeiss 4.0). A small portion of sample after strength tests was oven dried and used for SEM studies. For examining the change in the packing nature (due to pozzolanic reactions) of stabilized blends, several SEM images were recorded at different magnifications.
Results and discussion
Effect of lime on compaction parameters
The moisture content-dry density curves of jarosite blended with varying percentage of hydrated lime (2.5, 5.0, 7.5 and 10%) are presented in Fig. 3a , and the variation in the MDD and OMC of jarosite blended with varying percentage of lime is shown in Fig. 3b . It was observed that MDD and OMC of the jarosite were 1.13 Mg/m 3 and 42%, respectively, which changed after blending with lime. There is an increase in the OMC and a decrease in the maximum dry density. Due to lesser specific gravity and higher surface area of lime compared with jarosite, more water was required to lubricate the partials of the composite blend to attain its MDD and OMC. Thus, it resulted in the increase in the OMC and decrease in the MDD.
Effect of lime on the strength characteristics
The variations in the stress-strain curves of UCS and split tensile strength tests for various jarosite-lime blends (2.5-10%) along with various curing periods (7, 28, and 90 days) are presented in Figs. 4, 5, respectively. It can be seen in the figures that higher the curing period and lime content, higher is the brittleness of blended sample over untreated ones. It is interesting to note from Figs. 4, 5 that with the increase in the lime content, a substantial enhancement in both the types of strengths (UCS and tensile) are obtained. The addition of a binder (lime) improves the pozzolanic activity, thus the formation of cemented compounds that enhance extra strength to the jarosite-lime blend is also validated in Fig. 9 . With the addition of lime in jarosite, the aluminous and silicious minerals present in jarosite react with calcium present in lime to form calcium silicates hydrate [C-S-H] and aluminates hydrate bonds [C-A-H] as shown in Fig. 10 . Many researchers [18, 24, 33] have reported similar findings. The results presented in Fig. 4 show that the UCS of jarosite-lime blends containing 10% lime is increased from 187 kPa (untreated jarosite) to 1152, 1985, and 3641 kPa at 7, 28 and 90 days curing period respectively. Similarly, the split tensile strength of jarositelime blends containing 10% lime is increased from 42 kPa (untreated jarosite) to 117, 208, and 356 kPa at 7, 28 and 90 days curing period respectively (Fig. 5) . Numerous past studies have also confirmed that the addition of lime modifies the composition of the particles along with mineralogy, their physicochemical properties as well as the strength properties of stabilized fine-grained materials [14, 18, 22, 41] .
The parametric studies of various stabilized jarosite-lime blends tested for UCS and split tensile strength tests are generalized in which a relationships between the UCS (q u ) as well as the split tensile strength (q t ) with various curing period (t) and lime content (L) are formulated from expression shown in Figs. 6, 7 respectively. For comprehensive evaluation of outcomes, an adjusted power model has been fitted with a power of 0.45 to the curing period (t).
Good correlations, varying between R 2 = 0.97-99, have been observed in the derived relationships. These relationships have been shown in the figures itself.
From the formulated equations presented in Figs. 6, 7, it can be concluded that the disparity in strength of stabilized jarosite-lime blends depends directly upon the curing period (t) and lime content (L). It can also be advocated that above equations have only a scalar variable, which is affected only by the type of strength test (unconfined Fig. 3 Effect of lime content on a dry density and moisture content; b maximum dry density and optimum moisture content compressive or split tensile) and lime content. Thus, unique relationships can also be established among q u or q t with t, and L as presented in Fig. 8 .
For easy evaluation of results, an adjusted power model is fitted with a power of 1.0 for lime content (L). Hence, Further, these two Eqs. (1 and 2) have been presented by a single generalized equation Eq. (3), which can be utilized for determination of both unconfined compression strength (q u ) and split tensile strength (q t ).
where, (1) Factor A = a scalar coefficient influenced by type of strength test, being 44.22 for UCS and 7.07 for split tensile strength, and Factors a = 0.45, and b = 1.0 are unique scalars for both types of test. Now, the ratio q t /q u can be written as (Eq. 4): Thus, for all jarosite-lime blends, with curing period studied, it is be possible to establish the correlations, q t /q u (entitled as ), which is a unique scalar [ = 0.16] (Eq. 4). This is independent of the curing period (t), and lime content (L). However, it is advisable that more studies should be required to validate these expressions with different types of materials such as soils, activators (binders), along with longer curing periods.
Microstructural analysis
Pieces from tested samples from strength tests with various lime content and curing period were further examined for their microstructural variations by analyzing scanning electron microscope (SEM), and energy-dispersive X-ray spectroscopy (EDX). It is perceived that the addition of lime to the jarosite, results in agglomeration. This (4) Fig. 7 Effect of lime content on split tensile strength (q t ) with curing periods Fig. 8 Relationship between unconfined compressive strength (q u ) and split tensile strength (q t ) with various lime content (L), and curing period (t) agglomeration of particles is attributed to the active/free aluminous and silicious minerals present in jarosite reacting with calcium found in lime to produce calcium silicates hydrate [C-S-H] and calcium aluminates hydrate [C-A-H] bonds.
The formation of above cementitious compounds can be explained by the following chemical reactions:
A typical SEM image of jarosite-lime blends has been shown in Fig. 9 . Figure 9a illustrates the loosely packed (more porous) jarosite (untreated), Fig. 9b shows the SEM image of lime, Fig. 9c shows the influence of addition of lime (5%) on jarosite at 90 days curing period that indicates a closed and less porous matrix (agglomeration) produced as compared to untreated jarosite, and Fig. 9d illustrates the influence of higher percentage of lime (10%) on jarosite at 90 days curing period that indicates larger agglomeration (dance packing) of particles as cementing gel was produced.
Typical SEM-EDX images of selected blends of stabilized jarosite are shown in Fig. 10 . From SEM-EDX studies, it is observed that the addition of lime to jarosite enhances the strength characteristics due to larger agglomeration of particles. The changes in strength characteristics can be studied by the variation in Ca:Si and Si:Al ratios. Table 3 shows the variation in Ca:Si and Si:Al ratios of selected jarosite-lime blends. From Table 3 , it is perceived that the addition of lime to jarosite leads to an increase in Ca:Si ratio and a decrease in Si:Al ratio with increase in curing periods. 
Applications
To choose the optimum amount of lime with appropriate curing period for the desired compressive or tensile strength of jarosite-lime blend, the outcomes illustrate by Eqs. 1, 2 may be useful to an engineer. It may be advocated that the tensile strength and unconfined compressive strength of lime stabilized jarosite are interrelated and the ratio q t / q u is associated by a scalar (0.16) (Eq. 4). This scalar is independent of curing period, and lime content. Thus, from these dosage methodologies, an engineer/user, can target either tensile strength or compressive strength to get the desired result. Furthermore, as per the guidelines of US Army Corp of Engineers manual [40] for minimum requirements of UCS of lime stabilized materials to be used as a sub grade, sub base and base material in the design of flexible as well as rigid pavement, it is revealed that the lime stabilized material should have the satisfactory strength to be used in sub base course or sub base i.e. UCS up to 1725 and 1380 kPa and in base course up to 5170 and 3450 kPa for flexible and rigid pavement, respectively. On a closer look of Fig. 4c , it is revealed that jarosite blended with 10% lime and at 90 days curing period has UCS of 3641 kPa. Thus, it can be advocated that lime stabilized jarosite blends have the adequate strength to be used as a construction material in sub grade and sub base course for both types of pavement, and base course for rigid pavement design only.
Conclusion
In this study, lime has been used to enhance various geotechnical properties of jarosite waste. The study also includes the mineralogical characteristics of lime stabilized jarosite with various curing periods. Based on the outcomes, subsequent conclusions have been drawn:
• The addition of lime influences the compaction parameters. There is an increase in optimum moisture content (OMC), and a decrease in the maximum dry unit weight (MDD) with an increase in lime content.
• The unconfined compressive strength as well as split tensile strength increase significantly with an increase in lime content and with increasing curing period. Lime acts as an activator that enhances the strength.
• The microstructural study (SEM and EDX) also reveals the agglomeration of particles, which further validates the increase in strength with the addition of higher lime content and longer curing periods.
• Relationships between q u and q t with various lime content (L) and curing period (t) have been proposed that will help the engineer or user to choose the optimum amount of lime against targeted compressive or tensile strength of jarosite-lime blends.
• A unique scalar from q t /q u ratio (independent of lime content and curing period) has been formulated that will enhancing the possibility to concentrate on any one strength, tensile or compressive strength, and find out the other one.
• Jarosite stabilized with 10% lime has the satisfactory strength to be used in sub base course or subgrade of both the types of pavement, and base course of rigid pavement design.
